ABSTRACT Streaming potentials arising across a K+-selective channel from fragmented sarcoplasmic reticulum were measured by incorporating the channel into planar bilayer membranes and imposing osmotic gradients across the membranes by addition of sorbitol or urea to only one side. Single-channel zero-current potentials were determined, and dilution artifacts were corrected for by addition of valinomycin to the bilayer. The streaming potentials were found to be unusually small, 1.1 mV per osmolal. The potentials were linearly related to the osmotic gradient across the bilayer, and were identical for sorbitol and urea. The results imply that the channel cannot be envisioned as a long tube, like gramicidin, but rather as a short constriction of < 10 A in length opening out into wider mouths on either side of the membrane.
INTRODUCTION
The study of the function of ionic channels has very naturally been concerned with the rates of ion movement through these membrane-spanning proteins. Far less experimental effort has been expended upon the rates of water movements through channels, and the coupling of ion and water movements. Recently, Rosenberg and Finkelstein (1978) and Levitt et al. (1978) have shown that measurement of water flux and ion-water flux coupling can be related to the known structure of the gramicidin A channel. (Also see Finkelstein and Andersen, 1981 .) Specifically, applying the assumption that inside of the narrow gramicidin A channel ions and.water are constrained to diffuse in a single file, these authors estimated that 6-9 water molecules are obligatorily coupled to the diffusion of an ion through the channel. Such a picture can be easily accommodated into the known conducting structure of the channel, a ,86-helix, with a hydrophilic pore 3 A in diameter and -25 A in length (Urry, 1971) .
Many channels from animal cell membranes display ionic selectivity superior to that of gramicidin, and some of these channels at the same time conduct ions at rates several times higher than maximal rates in gramicidin. For example, the K+ channel from mammalian sarcoplasmic reticulum (SR), which has been under detailed study in this laboratory (Miller, 1978; Miller and Rosenberg, 1979; Labarca et al., 1980; Coronado and Miller, 1982; Miller, 1982) , has a maximum K+-conductance more than five times that of gramicidin, although it is also far better able to discriminate among monovalent cations. This fact runs against the intuition suggesting that the higher conductance a channel has, the less ion-selective it ought to be.
One possible escape from the dilemma caused by this counterintuitive result is to suggest that perhaps not all channels are "long tubes" like gramicidin. Instead, more complicated channels may have rather short constrictions at which the rate-limiting steps for ion movement occur; ions may gain access to these constrictions through wider "mouths" facing the aqueous solutions on either side of the membrane. Models such as this have been suggested for the K+ channel of squid axon (Armstrong, 1975; Swenson, 1981; French and Shoukimas, 1981) , for the acetylcholineactivated channel of muscle end plate (Horn and Stevens, 1980) , and, indeed, for the SR K+ channel studied here (Coronado and Miller, 1982; Miller, 1982) .
In this report, I address the possibility of using an electrokinetic measurement-that of streaming potential-to estimate the length of the ion-selectivity region of the K+ channel from SR. Water activity gradients are placed across membranes into which K+ channels have been inserted, and the tendency of K+ to be dragged through the channel against its own electrochemical gradient is measured. The ion-water coupling is found to be remarkably small, when compared to that determined previously for gramicidin. Based on the present data, I estimate that at most three water molecules move in single file with a K+ ion through this channel, and this leads to a picture of the selectivity region of the channel as a short tube of <10 A in length.
METHODS
The methods for preparing SR vesicles and phospholipids have been described earlier (Miller and Rosenberg, 1979; Labarca et al., 1980) , as has the procedure for fusing SR vesicles into planar bilayers (Miller, 1978) . For these experiments, bilayers were cast onto a 0.2-mm diameter hole in a 3-ml polystyrene cup seated in a 6-ml dish, using decane solutions of rabbit muscle phosphatidylethanolamine (30 mM), rabbit muscle phosphatidylcholine (10 mM), and beef brain phosphatidylserine (10 mM). The aqueous phase of the system was K2SO4 (125 mM):MOPS (morpholino propane sulfonic acid, 10 mM):EDTA (0.1 mM), adjusted to pH 7.0 with KOH. In all experiments, SR vesicles were added to the "cis" chamber; the opposite chamber, called "trans," was defined as zero voltage. In all experiments, temperature was controlled to 25 ± 0.50C.
The experimental procedure for measuring streaming potential through the channel is as follows. A bilayer was formed, and CaCl2 (1 mM) and SR vesicles (1-5 gg/ml) were added to the cis chamber, with stirring. Conductance was continuously monitored at 25 mV. Immediately after the first fusion event was observed (as indicated by an abrupt increase in bilayer conductance), 1.2 mM EDTA was added to stop further fusion. The stirrer was turned off, and after I min single-channel current fluctuations were recorded at voltages in the range -10 to + 10 mV, to generate a control current-voltage (I-V) curve. Then, the cis chamber was extensively perfused with 125 mM K2SO4 buffer, also containing a suitable concentration (0.5-2 M) of a nonelectrolyte, such as urea or sorbitol. Introduction of this new solution had the dual purpose of removing excess SR vesicles and at the same time establishing a water activity gradient across the membrane. Again, single channel fluctuations were observed between -10 and + 10 mV to generate the single-channel I-V curve in the presence of water flow towards the cis side of the membrane. After these records had been collected, 10 nM valinomycin was added to the system, with 10 s of vigorous stirring, so that the membrane conductance increased at least 1,000-fold. After the stirrer was stopped, the zero-current voltage was seen to increase by 1-2 mV over I min. This increase is due to the re-establishment of the unstirred layers (Rosenberg and Finkelstein, 1978) . In each experiment it was ensured that the zero-current voltage had stabilized to within 0.1 mV before it was recorded. In several experiments, it was checked that similar values of streaming potential were observed when a constant rate of stirring was maintained throughout the entire experiment (although with stirring the precision of the measurement was reduced because of noise on the channel fluctuations).
This procedure was used for several reasons. First, we want to know the streaming potential arising only from K+-water coupling through the channel itself, uncomplicated by the "leak" conductances also present in the system. Thus, it is necessary to determine the zero-current potential of only the single-channel I-V curve. Second, we need to realize that artifactual shifts in zero-current potential can arise from addition of nonelectrolyte to the cis solution. These shifts can come about by either of two mechanisms: (a) a reduction of K+ activity coefficient in the cis chamber, and (b) a local dilution of cis K+ and concentration of trans K+ near the membrane surface, caused by the flow of water through the bulk lipid bilayer. Both of these effects would tend to give a positive zerocurrent potential to the single-channel I-Vcurve. The measurement of the valinomycin-mediated zero-current potential corrects for both of these effects, as discussed by Rosenberg and Finkelstein (1978) . The streaming potential of the channel itself, 4<,. is given by the difference between the zero-current potential of the channel, V<, and that in the presence of valinomycin, Vv: 4' = ve -Vv.
(1) (1978) .
RESULTS
The single-channel currents to be described are rather small (< 1 pA) because the experiments were carried out at low voltages, and so it is useful to demonstrate that these pL 15.
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, o.sv1. Omv FIGURE 1 K+ channel fluctuations at low voltage. Fusion of a single SR vesicle with a bilayer was brought about as described in Methods, and single-channel recordings were taken at several voltages, indicated on the figure. currents can be measured reliably. Fig. 1 shows traces of single-channel recordings under fully symmetrical conditions. It can be seen that even at <1 pA, the channel sizes remain well-defined and easily measurable, as has been demonstrated earlier at higher voltages (Miller, 1978; Labarca et al., 1980; . Perfusion with solution containing high concentrations of nonelectrolyte, when done carefully, does not introduce any additional noise into these low-voltage records. It is necessary to measure these small currents accurately to be able to determine the streaming potential to within 0.2-0.3 mV, and this can be readily accomplished in this system. A streaming potential determination made in 1.9 mol/ kg urea is shown in Fig. 2 . Here we see the I-V curve for the control channels, before application of a water activity gradient. This curve is clearly shifted to positive potentials by decreasing the activity of water in the cis chamber by adding urea. The arrow in the figure marks the zerocurrent potential after addition of valinomycin. This valinomycin potential is positive, as expected for the artifactual effects mentioned above. The single-channel reversal potential, however, is substantially more positive than this, and the difference between the two is the channel streaming potential, -2.3 mV in this membrane. The streaming potential depends linearly upon the molality of added nonelectrolyte, as shown in Fig. 3 . From compiled data using sorbitol, a slope of 1.1 mV/mol * kg-' is found. This value is not significantly different from the slope found when using urea to establish the osmotic gradient.
DISCUSSION
The single experimental result of this report is that the SR K+ channel displays ion-water flux coupling, as measured by a streaming potential of 1.1 mV per molal osmotic gradient across the membrane. There is no unequivocal way to interpret this result quantitatively. We can, however, state that this amount of flux coupling is remarkably small when compared to those of gramicidin A, which gives streaming potentials of -3-6 mV/mol * kg-' (Rosenberg and Finkelstein, 1978; Levitt et al., 1978) , or amphotericin B, which gives 3 mV/mol * kg-' (Coronado and Alvarez, unpublished) . It is notable that potentials induced by a large molecule, sorbitol, are not significantly different from those induced by urea, a molecule that might be small enough to permeate the channel. The equal effectiveness of these two nonelectrolytes argues that the urea permeability through the channel is much smaller than that of water (Rosenberg and Finkelstein, 1978) .
One possible interpretation of the streaming potential of the SR K+ channel can be made in terms of single-file diffusion. If a constriction in the channel exists such that water and K+ ion are unable to pass one another, then a particularly simple situation arises that may be treated by equilibrium thermodynamics. Rosenberg and Finkelstein (1978) showed that in such a single-filing situation, the streaming potential, Vf, may be related simply to the where M, is the molality of pure water, 55.6 mol/kg. This equation allows an immediate calculation of N, the number of water molecules per ion in the single-filing region of the channel. For the data presented here, we calculate that there are 2.3 ± 0.2 water molecules per K+; because this channel has previously been shown to be able to accommodate at most a single K+ ion at a time , we can, on the basis of this single-filing model, assert that 2-3 water molecules and a K+ ion are constrained to diffuse in single file in some region of the channel.
Unfortunately, this simple analysis is equivocal. In the case of gramicidin it is known, to begin with, that the channel's dimensions are such that single-filing must take place along most of the length of the pore (Finkelstein and Andersen, 1981) . With the SR channel, we have no such structural information, and there might be other models of ion-water flux coupling that could give the same value of streaming potential. For instance, it might be the case that the channel is a wide, cation-selective pore, and that water flowing through the channel can frictionally drag K+ along with it. In such a case, no a priori calculation of the streaming potential can be made, as we do not know values for the several irreversible thermodynamic parameters that apply (Levitt et al., 1978; Katchalsky and Curran, 1967) .
The wide-pore picture above, however, does not apply to the SR K+ channel, at least not along its entire length. The channel is ideally selective for monovalent cations, and shows substantial selectivity among alkali metal cations; K+, for example, is >50 times more conductive than is Cs', although the two ions differ by only 0.2 A in unhydrated diameter . Furthermore, the size of the narrowest part of this channel has been determined to be -4 x 5 A (McKinley and Meissner, 1978; Coronado and Miller, 1982 Here, all parameters are as in Eq. 2, except that N' is the electro-osmotic coupling ratio, i.e., the ratio of the flux of water, Jw, to the flux of cations, J+, when current is passed through the channel with no water activity difference across the membrane. For the data here, N' = 2.3 ±+ 0.2.
The parameter N' cannot by itself provide any structural information about the channel. But in terms of the two-region model of the channel, we can say that N' must be an upper limit on N, the number of water molecules in the single-filing region. Thus, we conclude that the singlefiling constriction of the SR K+ channel can accommodate at most three water molecules and a K+ ion. Consequently, this constriction cannot be much longer than 10 A.
Thus, the picture of the channel emerges not as a long tube, like gramicidin, but rather as a short constriction opening out into wider mouths on one or both ends. This picture is appealing for several reasons. First, it would help explain why the channel can conduct ions at higher rates than gramicidin while maintaining a higher ionic selectivity; the access radius, or convergence permeability, of the SR channel would be much larger than that of gramicidin (LUuger, 1973; Andersen and Procopio, 1980) . Second, this view would permit the entire business of ionic selectivity to be placed in a rather small region in space, an "active site," of the channel. Finally, this estimate is consistent with an independent estimate (Miller, 1982) 
